The time course of vertical, horizontal and oblique saccade trajectories: Evidence for greater distractor interference during vertical saccades  by Laidlaw, Kaitlin E.W. & Kingstone, Alan
Vision Research 50 (2010) 829–837Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresThe time course of vertical, horizontal and oblique saccade trajectories: Evidence
for greater distractor interference during vertical saccades
Kaitlin E.W. Laidlaw *, Alan Kingstone
University of British Columbia, Vancouver, BC, Canada
a r t i c l e i n f o a b s t r a c tArticle history:
Received 16 December 2009
Received in revised form 3 February 2010
Keywords:
Eye movements
Saccade trajectory
Superior colliculus
Inhibition0042-6989/$ - see front matter  2010 Elsevier Ltd. A
doi:10.1016/j.visres.2010.02.009
* Corresponding author. Address: Psychology Depa
Columbia, Vancouver, BC, Canada V6T 1Z4.
E-mail address: klaidlaw@psych.ubc.ca (K.E.W. LaiThe present study aimed to characterize the effect of a nearby distractor on vertical, horizontal, and obli-
que saccade curvature under normal saccade preparation times. Consistent with previous ﬁndings,
longer-latency vertical saccades showed greater curvature away from a distractor than did oblique or
horizontal saccades. At short latencies, vertical saccades also showed greater curvature towards the dis-
tractor. A neural explanation for why vertical saccades show greater interference from a distractor is
theorized.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The trajectory of rapid eye movements, called saccades, is rarely
ever straight (Yarbus, 1967), with most saccades showing a ten-
dency to curve towards the horizontal meridian (Viviani, Berthoz,
& Tracey, 1977). In addition to a natural tendency for saccades to
curve, other objects within the visual scene have been shown to
exert an inﬂuence upon the magnitude and direction of the curva-
ture observed. Several researchers have found that by presenting a
distractor nearby a target object, the resulting saccade will curve
towards the distractor’s location on its way to accurately landing
at the target location. For example, during a visual search task in
which a target and distractor are presented at, or nearly at the
same time, and are difﬁcult to distinguish from each other, sac-
cades landing at the target will show a characteristic curvature to-
wards the distractor (for example, see Godijn & Theeuwes, 2002;
McPeek, Skavenski, & Nakayama, 2000).
In addition to curvature towards a distractor, saccades may also
curve away from a distractor. In a now classic study by Sheliga,
Riggio, and Rizzolatti (1995), participants made vertical saccades
to targets either above or below ﬁxation. To determine which
direction they were required to move, the participants covertly at-
tended to a peripheral cue located in the upper or lower visual
ﬁeld, either slightly to the left or right of the target location. Sheliga
and colleagues found that when attention was directed to the cue
on the right, saccades aimed at the target tended to curve to the
left, while saccades aimed at the target curved to the right if atten-ll rights reserved.
rtment, University of British
dlaw).tion was initially covertly shifted to the cue located to the left of
the target. A study by Doyle and Walker (2001) later showed that
attention need not be voluntarily allocated to the distractor loca-
tion in order to inﬂuence the curvature of a saccade: saccades also
curved away from a distractor location even when the distractor
was task-irrelevant.
Whether a saccade curves towards or away from a distractor
appears to depend upon the overall neural activity distribution
produced by the target and the nearby distractor. According to
the population coding theory proposed by Tipper and colleagues
(1997, 2000), possible target objects are represented by large neu-
ronal populations that encode for a movement vector aimed at the
target. If two objects (for example, a target and a distractor) are
nearby, their population codes will combine into one distribution
that will code for a vector aimed at an intermediate location be-
tween the objects, as derived from the weighted average of the
two populations (see Port & Wurtz, 2003; Robinson, 1972). Devia-
tion of a saccade trajectory towards a distractor is thus observed
when the resulting vector code points to a location between the
two objects. Importantly, the strength of the population code is di-
rectly related to the saliency of the object, meaning that a salient
distractor will produce a strong population code that will contrib-
ute more to the weighted vector average.
In contrast, curvature away is believed to occur when inhibition
is successfully imposed upon the distractor’s neural representa-
tion. This inhibition may occur via a suppression of an unwanted
saccade program (for example, during covert attentional orienting,
when a saccade is undesired; e.g. Sheliga, Riggio, & Rizzolatti,
1995), or may be based on a need to resolve competition between
two neural codes (e.g. Tipper et al., 1997). If a target and a distrac-
tor are nearby each other in space and time, then the population
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tractor’s code is thought to shift the target’s neural population’s
peak activity slightly, thereby coding for a vector that is directed
away from the distractor location.
It is the midbrain structure called the superior colliculus (SC)
that is believed to be responsible for representing possible saccade
goals as population codes. According to McSorley, Haggard, and
Walker (2004), the SC codes for the initial saccade direction, which
is inﬂuenced by the population codes of both the target and nearby
distractor, while the cerebellum corrects any deviations online in
order to ensure that saccades land at the desired location (see also
Quaia, Optican, & Goldberg, 1998). The SC has been implicated in
eye movements and shifts of attention (Schall, 1991), and has been
shown to generate a pulse of activity about 20 ms before the onset
of a saccade (Sparks, 1978). One function of the SC is to take incom-
ing information received from both top-down and bottom-up
sources and integrate it onto two topographic oculomotor maps
representing the left and right halves of visual space (Hall & Mos-
chovakis, 2003). It is upon the SC’s maps that possible saccade
goals are represented through activation distributions of neurons,
which code for movement vectors directed towards the goal object.
If multiple distributions are nearby, a weighted average of the vec-
tors is calculated, and the SC passes this information onto other re-
gions in the brainstem in order to execute the saccade (Rizzolatti,
Riggio, Dascola, & Umilta, 1987), or attentional shift (Ignashchenk-
ova, Dicke, Haarmeier, & Their, 2004).
Popular models of saccade generation suggest that the vertical
and horizontal components of a saccade are produced by separate
pulse generators (e.g. Becker & Jürgens, 1990). As most saccades
consist of both a horizontal and vertical component, the vector-
based signal transmitted from the SC must be decomposed in the
brainstem into its elements in order to generate a signal that can
be transmitted to the motoneurons that innervate the extraocular
muscles (see Sparks and Mays (1990) for a review). Premotor neu-
rons in the pons and medulla are responsible for producing com-
mands for horizontal movements, while the premotor neurons
found in the rostral midbrain produce vertical movements (see
Sparks, 2002). Activity in the paramedian zone of the paramedian
pontine reticular formation (PPRF) has been related to the control
of horizontal saccades and the horizontal component of oblique
saccades (Cohen & Komatsuzaki, 1972). The pulse phase, or initial
burst of activity required to initiate a saccade, of vertical saccades
is mediated by neurons in the rostral interstitial nucleus of the
medial longitudinal fasciculus (riMLF; Buttner, Buttner-Ennever,
& Henn, 1977). The phase signals are then sent to motoneurons,
which innervate three pairs of extraocular muscles responsible
for rotating the eye in order to generate the initial high-velocity
movement typical of a saccade. The medial and lateral rectus mus-
cles produce horizontal rotations while superior and inferior rectus
muscles work in coordination with the superior and inferior obli-
que muscle pairs (see Sparks, 2002). Thus, for saccades containing
both components, all three muscle pairs are activated to varying
degrees. A slide, or degradation of the pulse follows. A step signal
that stabilizes the eye once the desired rotation is achieved is also
generated within the brainstem by the tonic discharge of neurons
in the nucleus prepositus hypoglossi and medial vesibular nucleus
for horizontal components, or the interstitial nucleus of Cajal for
vertical components, though this signal does not appear to be gen-
erated by the colliculus (see Sparks & Mays, 1990).
For any saccade that consists of both vertical and horizontal
components (i.e. most), the now separated component signals
must be coordinated. Normally, pontine omnipause neurons
(OPNs) inhibit the burst neurons innervating the motorneurons,
but once a trigger signal is sent, the OPNs are momentarily inhib-
ited and a saccade is initiated (see Moschovakis, Scudder, and
Highstein (1996), for an extensive review). The OPNs are thoughtto synchronize the onset of the horizontal and vertical compo-
nents, and the duration of the displacements is roughly equated
by temporally stretching the smaller component. The increase in
duration of the smaller, or minor, component is mediated by the
abducens neurons as well as midbrain medium-lead burst neurons
(King & Fuchs, 1979). Thus, it follows that if the components are
not equated, the pulses sent to the motoneurons innervating the
eye will not be equal in duration and the saccade will curve in
the direction of the major component.
While several regions of the brainstem are involved in coordi-
nating and processing the signals necessary to initiate a saccade,
it is the SC that provides the main input into the phase generator
circuits discussed above. Critically, it is in the SC where the initial
saccade direction is generated, which as described, can be substan-
tially inﬂuenced by the presence of a nearby distractor object. It is
therefore important to investigate how the SC represents visual ob-
jects in order to understand how and why saccadic deviations
arise. Neurological evidence in both humans (DuBois & Cohen,
2000; Hall & Moschovakis, 2003; Schneider & Kastner, 2005) and
monkeys (Cynader & Berman, 1972) has shown that each half of
the SC represents the contralateral half of visual space. As such,
horizontal saccades depend upon representations within only
one colliculus, while saccades made to objects on the vertical
meridian will be based on object representations found in both
halves of the SC. Recently, Van der Stigchel and Theeuwes (2008)
suggested that whether an object’s representation is conﬁned to
one half, or spread across both halves of the SC dramatically
changes how inhibitory processes are imposed upon distractor rep-
resentations. In their study, participants made vertical or horizon-
tal saccades to targets in the presence of nearby distractors, and
found that vertical saccades showed greater deviation away from
the distractor than did horizontal saccades. The authors concluded
that the different trajectories of horizontal and vertical eye move-
ments reﬂect the degree of inhibition imposed upon the distractor
in each case, and that the efﬁcacy of this inhibition depends upon
where the target and distractor’s activation land upon the SC
map(s). For example, if the target and distractor are represented
within the same half of the SC, as is the case during horizontal sac-
cades, the authors theorized that inhibition of the distractor would
be applied selectively so as to avoid simultaneously suppressing
the target’s activation. If the target is positioned on the vertical,
however, its representation would be divided across the halves of
the SC and thus only part of its activation would be within the
same half of the colliculus as the target. As such, Van der Stigchel
and Theeuwes (2008) suggested that inhibition could be imposed
coarsely across the half of the SC containing the distractor without
risk of this inhibition completely eliminating the target’s activa-
tion. Thus, the greater deviation away during vertical saccades rep-
resents the more efﬁcient application of coarse inhibition over
selective, ﬁne-grained inhibition.
In Van der Stigchel and Theeuwes’ (2008) study, participants
were presented with a 100% predictive cue that indicated where
the target would appear 800–1200 ms before the target and dis-
tractor onset. This advanced warning is particularly important as
McSorley, Haggard, and Walker (2006) have demonstrated that
preparation time before saccade execution inﬂuences the direction
and magnitude of saccade deviation. In their study, McSorley et al.
had participants make saccades to oblique targets in the presence
of nearby distractors. At saccadic reaction times (SRTs) of 200 ms
or less, deviation towards a distractor was common. At longer SRTs,
deviation transitioned from towards the distractor to away from it
in a nearly linear fashion, with deviation away from the distractor
increasing with longer SRTs.
It is clear from McSorley et al.’s (2006) results that inhibitory
processes take a relatively long time to develop, and so it is possi-
ble that the increased preparation time afforded to participants in
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tially increased the amount of inhibition that they were able to ap-
ply. As such, the presumed difference in inhibition levels during
horizontal and vertical saccades may represent the upper bound-
ary of inhibition that can be imposed by using a selective or coarse
inhibitory strategy. When long preparation time is unavailable,
inhibitory processes may not reach their peak, and as a result cur-
vature away from a distractor during horizontal and vertical sac-
cades may appear similar. A study by Walker, McSorley, and
Haggard (2006) compared deviation observed from horizontal, ver-
tical and oblique saccades when participants were provided with
no advanced information regarding the target’s location. Interest-
ingly, no signiﬁcant differences were observed in deviations across
saccade directions, although the small sample size (6) may have
prevented the trend of the horizontal saccades showing the least
amount of deviation from reaching statistical signiﬁcance. In
Experiment 1, we aimed to determine whether distractor-based
trajectory differences would be observed between horizontal and
vertical saccades when participants were not given advanced plan-
ning time. To accomplish this, participants performed a modiﬁed
version of the paradigm employed by McSorley et al., where sac-
cades were made to vertical or horizontal targets in the presence
or absence of nearby distractors. Thus, the response was identical
to what Van der Stigchel and Theeuwes (2008) employed, but
the planning time was restricted to the latency of the saccadic
response.
While McSorley et al. (2006) may not have reported any differ-
ences in trajectory based on saccade direction because planning
time was limited in their paradigm, it is also possible that no differ-
ences were reported because saccades were made to oblique tar-
gets instead of horizontal and vertical targets. An oblique target
is represented completely within the contralateral half of the SC.
When an oblique target is presented with a horizontal distractor,
both objects will fall within the same half of the SC and as such,
the distractor’s representation must be selectively inhibited. Like-
wise, when an oblique target is presented with a vertical distractor,
part of the distractor’s representation will also fall in the same half
of the SC as the target, requiring that successful inhibition of a ver-
tical distractor also be completed selectively. Thus, when oblique
saccades are made, only selective inhibition should be imposed
upon the distractor and no differences in curvature should be ob-
served based on the distractor’s location. To test this hypothesis di-
rectly, Experiment 2 replicated McSorley et al.’s original study
where participants were asked to saccade to oblique targets in
the presence or absence of a nearby distractor.
To summarize, the purpose of the present study was twofold.
First, we aimed to determine whether longer preparation times
were a necessary factor in observing differences in horizontal
and vertical saccade trajectories. Through the modiﬁcation of
McSorley et al.’s (2006) paradigm, we were able to indirectly inves-
tigate the time course of inhibitory processes by observing the
direction and magnitude of saccadic curvature across a range of
SRTs. Our second goal was to determine whether the model of
saccadic inhibition proposed by Van der Stigchel and Theeuwes
(2008) could also account for curvatures observed during oblique
saccades. The results of these studies inform us about the time
course of inhibition during typical planning times for vertical, hor-
izontal and oblique saccades.Fig. 1. Spatial layout of possible saccade targets (T) and distractors (D) in
Experiment 1 (a) and Experiment 2 (b). In Experiment 1, targets were always on
the horizontal or vertical, and distractors were always on the oblique. For
Experiment 2, the locations of the target and distractors were reversed compared
to that used in Experiment 1. For both experiments, if the target was an ‘X’, then the
distractor was an ‘O’, and vice versa. The identity of the target and distractor was
constant for each participant. Targets could appear alone (1/3 of the trials) or
simultaneously with a single distractor ﬂanked on the left or right (2/3 of the trials).2. Experiment 1
To determine whether differences in inhibition would be pres-
ent for vertical and horizontal saccades, we used a paradigm sim-
ilar to that used by McSorley et al. (2006), with the exception that
target and distractor locations were switched. Participants wereasked to saccade to targets presented on the vertical or horizontal
meridians, while distractors could be presented on the obliques.
Thus, we were able to compare equivalent eye movements to
Van der Stigchel and Theeuwes (2008) while using a paradigm that
permitted us to analyze the time course of saccadic inhibition.2.1. Methods
After giving informed written consent, 10 volunteers from the
University of British Columbia participated in exchange for course
credit or $10. Six participants were female; nine were right-
handed. All participants reported normal or corrected to normal vi-
sion. The mean age was 25.50 years (SD = 3.27).
Stimuli were displayed on a 17-inch monitor. Viewing distance
was held constant at 65 cm by a chin rest. Eye movements were re-
corded with an EyeLink 1000 desktop-mounted eye tracker (SR Re-
search, Mississauga, Ontario, Canada) recording at 1000 Hz. At the
start of each block of trials and whenever a drift check failed, par-
ticipants completed an eye tracker calibration and validation, as
per standard system settings. All stimuli were white and were pre-
sented on a gray background. Saccades were made from a central
ﬁxation dot (0.38  0.38) to a target ‘X’ or ‘O’ (all 0.8  0.8) lo-
cated in one of four positions on the cardinal axes (0, 90, 180, or
270 angular degrees), 7.4 from center. In two thirds of the trials,
a distracting ‘X’ or ‘O’ was presented 45 angular degrees away from
the target (i.e. at 45, 135, 225, or 315 angular degrees, depending
on the target position; either to the left or the right of the target).
Target and distractor assignment (i.e. X or O) was randomly se-
lected for each participant, and remained constant for the entire
session. Fig. 1 illustrates the spatial location of saccade targets
and distractors.
There were eight possible distractor-present conditions (four
target locations with the distractor to the left or right of the target),
and four possible distractor-absent (baseline) conditions. A target
occurred on every trial. In the distractor-present trials, the target
and the distractor onset simultaneously. The ﬁxation point offset
at a stimulus onset asynchrony (SOA) of 200, 100, 50, 0, 50,
100, or 200 ms, relative to target onset. Negative values indicate
Gap conditions in which the ﬁxation point offset before target on-
set; positive values indicate Overlap conditions in which the ﬁxa-
tion point offset after target onset. The inclusion of a ﬁxation
offset manipulation was used in order to generate a greater vari-
ability in SRTs, and has been used previously in other trajectory
studies (e.g. Campbell, Al-Aidroos, Pratt, & Hasher, 2009; McSorley
et al., 2006). Across target positions, participants completed 40 dis-
tractor trials and 20 no-distractor trials for each of the seven SOA
intervals, totaling 420 trials. All trial-types were randomized, with
Fig. 2. Mean saccadic reaction times (SRTs) for all subjects in Experiment 1 for
distractor present and absent trials, for each SOA condition. Negative values
indicate that the ﬁxation point was extinguished before target onset; positive
values indicate the ﬁxation point was extinguished after target onset. Error bars for
all ﬁgures represent 95% conﬁdence intervals.
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trials with both the same target/distractor locations at the same
SOA. Each participant completed 10 practice trials, which were ex-
cluded from analysis.
Each trial began with the participant ﬁxating a central ﬁxation
point. After a pseudo-random foreperiod of 800–1200 ms, partici-
pants were instructed to make one eye movement from the center
of the ﬁxation dot to the center of the target as soon as they de-
tected its onset. If the trial contained a distractor, participants were
instructed to ignore it and treat the trial as if only the target object
were present. If a participant failed to maintain central ﬁxation at
the start of the trial, the trial ended, calibration was checked, and
the trial restarted. A 600 ms inter-trial interval separated each trial.
Trials were divided into seven blocks of 60, separated by self-paced
breaks.
2.1.1. Data handling
Saccadic curvature was calculated using the quadratic ﬁt meth-
od detailed in Ludwig and Gilchrist (2002). Each saccade was re-
scaled so that the each eye movement travelled a common
absolute distance, and the best ﬁtting quadratic polynomial was
determined for each saccade. The quadratic coefﬁcient was taken
as a measure of the amplitude of the saccade’s curvature, and is re-
ported here in degrees of visual angle. To compensate for minor
deviations in baseline trajectories, the average trajectory during
distractor-absent trials was found and the value was subtracted
from the trajectories collected from distractor-present trials. Be-
cause saccade trajectories are known to vary depending on the sac-
cade direction (Viviani et al., 1977), baseline trajectory subtraction
was speciﬁc to each saccade direction. Trajectories deviating away
from the distractor were assigned negative values; trajectories
deviating towards the distractor were assigned positive values.
2.2. Results and discussion
2.2.1. Trial exclusion
Trials were excluded from further analysis if the participant’s
ﬁrst saccade went to the distractor (3.64% of all trials), if the ﬁrst
saccade fell short of the target or did not land at a target or distrac-
tor location (9.19%), if SRTs were below 100 ms (0.07%) or greater
than 500 ms (0.10%), or if saccade curvatures were greater or less
than three standard deviations away from the individuals mean
before baseline correction (1.33%).
2.2.2. Fixation offset effect
The mean SRTs across SOAs for distractor and no-distractor con-
ditions are shown in Fig. 2. A two-factor ANOVA was performed
with distractor (present or absent) and SOA (200, 100, 50, 0,
50, 100, 200 ms) as within-subject factors. For all analyses, if Mau-
chly’s test of sphericity was signiﬁcant (p < .25), relevant degrees of
freedom were adjusted using the Greenhouse–Geisser (if e 6 .70)
or Huynh–Feldt (if Greenhouse–Geisser e > .70) adjustments. The
main effect of distractor was signiﬁcant, [F(1, 9) = 20.83, p = .001],
indicating that SRTs were slower in the presence of a distractor
than when the target onset alone, which is consistent with ﬁndings
of a remote distractor effect (e.g. Walker, Deubel, Schneider, &
Findlay, 1997). The main effect of SOA was also signiﬁcant,
[F(2.16, 19.42) = 47.21, p < .001], such that SRTs increased with
increasing overlap between ﬁxation point and target onset. The
interaction between distractor and SOA was not signiﬁcant,
[F(6, 54) = .80, p > .5].
2.2.3. Trajectory time course – effect of distractor location
2.2.3.1. Saccadic reaction time analysis. To create a time course of
trajectory deviation, each participants’ data was sorted based on
SRT and divided into ﬁve equal-sized bins, with Bin 1 representingsaccades with the fastest SRTs, and Bin 5 representing saccades
with the slowest SRTs. As SRT has previously been shown to affect
saccadic trajectory (McSorley et al., 2006), mean trajectories pro-
duced for saccades directed to different target locations could only
be directly compared through an analysis of variance if the mean
SRT of each bin was comparable for saccades made to different tar-
get locations. If the mean SRTs for each bin were signiﬁcantly dif-
ferent for saccades made to different target locations, then any
direct comparison of trajectory would be confounded by differ-
ences in SRT.
To determine whether mean SRT bins were comparable across
saccadesmade todifferent target locations,we ranawithin-subjects
ANOVAwith target location (up, down, left, right) and SRT bin (1–5)
as factors. Aswehad reason to believe that vertical saccadesmade to
the upper and lower visual ﬁeldmight differ inmean SRT (seeHonda
&Findlay, 1992),wechose to compareall four target locationsbefore
collapsing across vertical and horizontal locations. Results showed a
main effect of target location, [F(2.05, 18.45) = 14.66, p < .001], and
SRT Bin, [F(1.26, 11.33) = 114.72, p < .001]. The interaction was not
signiﬁcant, [F(3.16, 28, 41) = .69, p > .5], suggesting that the effect
of target location did not inﬂuence SRTs differently across bins. Sim-
ple main effects analysis of target location was completed via pair-
wise contrasts using a Bonferroni correction for multiple
comparisons with a corrected p < .05. As suspected, saccades made
to targets in the lower visual ﬁeld were slower than saccades made
to any other targets, all ps < .01. No other contrasts were signiﬁcant,
all ps > .5.
Importantly, as there was a main effect of target location on
mean SRT, all trajectory analyses were completed using the value
of the slope generated by plotting trajectory deviation over SRT
bin. By using slope values, we were able to control for differences
in SRT across target location conditions. Thus, any signiﬁcant dif-
ferences in conditions can be conﬁdently attributed to differences
in saccade trajectory, not SRT. Further, the use of slope as the
dependent variable allows easy investigation of the change in tra-
jectory deviation over time, as steeper slopes directly indicate
greater change.2.2.4. Saccadic trajectory analysis
For distractor-present trials, the mean trajectory was deter-
mined for each SRT bin for vertical and horizontal target locations,
regardless of SOA. Fig. 3 displays saccadic curvature as a function of
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locations.
A two-tailed paired samples t-test comparing the slopes gener-
ated by making horizontal or vertical saccades revealed a signiﬁ-
cant difference, [t(9) = 4.30, p = .002], such that the change in
curvature of saccades made to vertical targets was much greater
(i.e. the slope was steeper) than that found for saccades made to
horizontal targets. Although saccades made to horizontal targets
showed very little change in curvature in response to a nearby dis-
tractor, a one sample t-test comparing the slope generated by mak-
ing horizontal saccades to a slope of 0 revealed a signiﬁcant
difference, [t(9) = 4.18, p = .002], indicating that the presence of
a distractor did alter the curvature of the horizontal saccades.
However, when the slope from the ﬁrst three RT bins was com-
pared against a slope of 0, no signiﬁcant difference emerged,
[t(9) = .26, p > .5], indicating that when RTs were rapid, the pres-
ence of a distractor did not signiﬁcantly inﬂuence the curvature
of horizontal saccades above what is demonstrated during the
baseline condition (i.e. when no distractor was presented). This
ﬁnding is addressed further in the discussion. Consistent with
Van der Stigchel and Theeuwes (2008), vertical saccades demon-
strated greater curvature away from the distractor than did hori-
zontal saccades when SRTs were long. In addition, however, we
found that vertical saccades demonstrated greater curvature to-
wards the distractor than did horizontal saccades when SRTs were
short. Thus, vertical saccades displayed greater overall interference
from a distractor than did horizontal saccades.
As a secondary interest, a two-tailed paired samples t-test was
run to compare the slopes from saccades made to targets in the
upper versus lower visual ﬁelds. Given other known differences be-
tween saccades made to upper and lower visual ﬁeld locations –
for instance, SRT (Honda & Findlay, 1992) – we compared their tra-
jectories to determine if any additional differences would be ob-
served. They did not differ, [t(9) = .70, p > .5]. Thus, when
differences in mean SRTs between upward and downward sac-
cades are controlled for, the effect of a distractor on trajectory devi-
ations is equivalent. For completeness, trajectory slopes of
saccades made to left and right target locations were also com-
pared with no signiﬁcant differences found, [t(9) = .46, p > .5].3. Experiment 2
Although McSorley et al. (2006) did not report any differences
in curvature based on saccade direction, this may have been in partFig. 3. Mean saccadic curvature obtained during distractor-present trials in
Experiment 1, divided into ﬁve SRT bins for vertical and horizontal target locations.
Negative values indicate curvature away from the distractor; positive values
indicate curvature towards the distractor.due to their use of oblique saccades rather than purely vertical or
horizontal eye movements. To determine whether differences in
distractor interference can also be observed in oblique saccades,
we repeated the study with new participants but switched the tar-
get and distractor locations. In Experiment 2, participants were
now asked to saccade to an oblique target and ignore a distractor
presented either vertically or horizontally.
3.1. Methods
Ten volunteers from the University of British Columbia partici-
pated in exchange for course credit or $10. All gave informed writ-
ten consent. Six subjects were female; eight were right-handed. All
subjects reported normal or corrected to normal vision. The mean
age for all subjects was 21.50 years (SD = 1.72).
The methods used for Experiment 2 were identical to Experi-
ment 1 except that target and distractor locations were switched.
The target (‘X’ or ‘O’) always appeared at one of four oblique loca-
tions (at 45, 135, 225, or 315 angular degrees). In two thirds of the
trials, a distracting ‘O’ or ‘X’ was presented 45 angular degrees
away from the target (i.e. at 0, 90, 180, or 270 angular degrees,
depending on the target position).
3.1.1. Data handling
Unlike Experiment 1, the mean trajectory was determined for
each bin for vertical and horizontal distractor locations, not target
locations, irrespective of SOA condition. This change in analysis re-
ﬂects the hypothesis that objects on the vertical meridian of visual
space may be represented differently than objects elsewhere,
which is supported by our ﬁndings in Experiment 1 as well as by
Van der Stigchel and Theeuwes’ (2008) results. By dividing the data
based on the objects that differ in vertical and horizontal space,
analysis is kept consistent across studies.
3.2. Results and discussion
3.2.1. Trial exclusion
Trials were excluded from further analysis if the participant’s
ﬁrst saccade went to the distractor (13.74% of all trials), if the ﬁrst
saccade fell short of the target or did not land at a target or distrac-
tor location (14.34%), if SRTs were below 100 ms (0.05%) or greater
than 500 ms (0.08%), or if saccade curvatures were greater or less
than three standard deviations away from the individual’s mean
before baseline correction (0.09%). More saccades were errone-
ously directed to the distractor in Experiment 2 than in Experiment
1, [F(11.18) = 5.58, p < .001]. No other error rates were signiﬁ-
cantly different, all ps > .05. In Experiment 2, signiﬁcantly more
saccades erroneously landed on horizontal than on vertical distrac-
tors [t(9) = 3.91, p = .004], indicating that objects on the horizontal
captured the participants’ attention more than objects on the ver-
tical. Further, saccades to the distractor were more common during
gap than during overlap trials, [t(9) = 4.83, p = .001], indicating that
more errors occurred when saccades were rapid and when sac-
cades typically show greater curvature towards the distractor.1
Saccades have a tendency to curve towards the horizontal, even in
the absence of a distractor (Viviani et al., 1977). If this natural ten-
dency to curve towards the horizontal is combined with a general
deviation towards a horizontal distractor (when saccades are rapid),
then this may have created so much deviation that online cerebellar
correction was ineffective, and thus more errors to the distractor oc-1 In Experiment 1, the number of erroneous saccades made to the distractor were
not signiﬁcantly different based on target or distractor location, all ps > .10. In
Experiment 1, there were signiﬁcantly more erroneous saccades directed to the
distractor during gap trials than during overlap trials, [t(9) = 3.88, p = .004]. Consistent
with a speed-accuracy trade-off, when saccades are speeded, more errors occurred.
Fig. 5. Mean saccadic curvature obtained during distractor-present trials in
Experiment 2, divided into ﬁve SRT bins for vertical and horizontal distractor
locations. Negative values indicate curvature away from the distractor; positive
values indicate curvature towards the distractor.
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distractor is on the vertical, then the natural inclination to curve to-
wards the horizontal would be offset with the general ﬁndings that
saccades curve towards the distractor when reaction times are fast,
thereby reducing the overall degree of curvature that must be com-
pensated for in order to accurately land near the target. Although
this is an interesting observation, our results investigated the effect
of a distractor on saccade curvature, not endpoint, and as such, the
remainder of our analyses focuses on these effects.
3.2.2. Fixation offset effect
The mean SRTs across SOAs for distractor and no-distractor con-
ditions are shown in Fig. 4. A two-factor ANOVAwas performedwith
distractor (present or absent) and SOA (200,100,50, 0, 50, 100,
200 ms) as within-subject factors. As in Experiment 1, the main ef-
fect of distractorwas signiﬁcant, [F(1, 9) = 5.99,p = .04]. Themainef-
fect of SOA was also signiﬁcant, [F(1.95, 17.52) = 14.64, p < .001],
such that SRTs increased with increasing overlap between ﬁxation
point and target onset. The interaction between distractor and SOA
was not signiﬁcant, [F(2.72, 24.49) = .92, p > .25].
3.2.3. Trajectory time course – effect of distractor location
3.2.3.1. Saccadic reaction time analysis. As in Experiment 1, an initial
within-subjects ANOVA of distractor location (up, down, left, right)
and SRT Bin (1–5) revealed a signiﬁcant main effect of distractor
location, [F(3, 27) = 6.60, p = .002], as well as a signiﬁcant main ef-
fect of SRT Bin, [F(1.30, 11.65) = 119.41, p < .001]. There was no
interaction between distractor location and SRT Bin, [F(3.00,
26.97) = 2.35, p = .10]. Simple main effects analysis of distractor
location was completed via pairwise contrasts using a Bonferroni
correction for multiple comparisons with a corrected p < .05. Only
saccades made in the presence of the distractor in the upper visual
ﬁeld (i.e. up) were marginally but not signiﬁcantly faster than sac-
cades made in the presence of a distractor at any other location, all
ps > .05. As in Experiment 1, remaining analyses were performed
on the slope generated by plotting saccade curvature over time.
3.2.4. Saccadic trajectory analysis
In order to investigate the effect of SRTs on saccadic trajectory,
each participant’s distractor-present data was sorted by SRT and
divided into ﬁve SRT-based bins. Fig. 5 displays the curvature as
a function of SRT bin for saccades made to oblique targets made
in the presence of vertical and horizontal distractor locations.Fig. 4. Mean saccadic reaction times (SRTs) for all subjects in Experiment 2 for
distractor present and absent trials, for each SOA condition. Negative values
indicate that the ﬁxation point was extinguished before target onset; positive
values indicate the ﬁxation point was extinguished after target onset.A two-tailed paired samples t-test comparing the trajectory
slopes generated by saccades made in the presence of horizontal
distractors versus those made in the presence of vertical distrac-
tors revealed a non-signiﬁcant difference in slope, [t(9) = .57,
p > .5], indicating that the location of the distractor had no signiﬁ-
cant impact on the trajectory slope of the saccade. No differences
were found for saccades made in the presence of distractors in
the lower versus upper visual ﬁeld, [t(9) = 1.73, p > .10]; nor were
there any differences in slopes for left versus right distractors,
[t(9) = 0.14, p > .75].
3.2.5. Comparison of Experiments 1 and 2
Since there was no difference in curvature over time based on
distractor location in Experiment 2, we collapsed horizontal and
vertical slopes to generate an average change of oblique saccade
curvature over time irrespective of distractor location. We then
compared this measure with curvature over time when making a
vertical or horizontal saccade in Experiment 1. For vertical sac-
cades, a two-way, independent samples t-test revealed a signiﬁ-
cant difference between experiments, [t(12.91) = 2.46, p = .03],
indicating that distractor interference was greater during vertical
versus oblique saccades. A two-way independent samples t-test
comparing the slopes generated from Experiment 2 to the slopes
from Experiment 1 when a horizontal saccade was made revealed
a trend towards a signiﬁcant difference, [t(18) = 1.92, p = .07], sug-
gesting that oblique saccades showed marginally greater interfer-
ence from a distractor than did horizontal saccades.4. General discussion
To determine whether the saccadic trajectory differences be-
tween vertical and horizontal saccades reported by Van der Stig-
chel and Theeuwes (2008) would be evident without extensive
planning, we asked participants to complete a modiﬁed version
of the task reported by McSorley et al. (2006). In Experiment 1, par-
ticipants made saccades to horizontal or vertical targets either in
the presence or absence of a nearby distractor object. The offset
of the ﬁxation point was manipulated in order to increase the var-
iability of SRTs, so that a time course of saccade curvature could be
observed. Unlike Van der Stigchel and Theeuwes’ study, partici-
pants were not cued to the upcoming target’s location, but instead
had to prepare and execute their saccade immediately upon target
onset. Consistent with Van der Stigchel and Theeuwes’ ﬁndings,
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tor than did horizontal saccades, if SRTs were long (i.e. greater than
about 240 ms). Interestingly, when SRTs were fast, vertical sac-
cades showed greater curvature towards a distractor than did hor-
izontal saccades, an effect that has not been previously
demonstrated. Taken together, this suggests that vertical saccades
are prone to greater distractor interference than are horizontal
saccades.
Experiment 2 explored whether greater interference effects
were unique to vertical saccades by asking participants to make
oblique saccades in the presence or absence of horizontal and ver-
tical distractors. No signiﬁcant differences in curvatures were
found in oblique saccades based on distractor location. Impor-
tantly, the trajectory slope (i.e. the slope produced by plotting cur-
vature across all SRTs) produced by oblique saccades was
signiﬁcantly ﬂatter than that produced by vertical saccades, while
there was a trend towards it being slightly steeper than that pro-
duced by horizontal saccades.
The results from Experiments 1 and 2 show that vertical sac-
cades are unique in their susceptibility to greater distractor inter-
ference than either horizontal or oblique saccades. In both
experiments, our results replicated the time course of curvature
previously reported by McSorley et al. (2006). At fast SRTs, curva-
ture towards the distractor was observed, and this decreased with
increasing SRTs until it transitioned to curvature away at the lon-
gest SRTs. When horizontal and vertical saccades made in Experi-
ment 1 were analyzed separately, we also replicated Van der
Stigchel and Theeuwes’ (2008) ﬁnding that after longer planning
times, vertical saccades curved away from the distractor more so
than did horizontal saccades. Even though participants in Van
der Stigchel and Theeuwes’ original study were given up to
1200 ms to plan their saccade and potentially apply inhibition to
locations where a distractor may appear, our results show that this
difference between horizontal and vertical curvature away is ob-
served even when planning is limited to that available during
slower SRTs. In other words, this difference is apparent as soon
as curvature away from the distractor is observed, and increases
with longer planning times.
Our results at long SRTs are consistent with Van der Stigchel
and Theeuwes’ (2008) account of selective versus coarse inhibition.
Recall that the vertical target’s representation is split across the
two halves of the SC, and therefore presents no risk of being com-
pletely inhibited by a coarsely placed inhibitory tag within the half
of the SC containing the distractor. The horizontal target, however,
is represented entirely within the same half of the SC as the dis-
tractor and its activation peak could be eliminated by coarse inhi-
bition of a nearby area. The same is likely true for oblique targets.
Here, the target object is represented within the contralateral half
of the SC, which would also contain all (as in the case of a horizon-
tal distractor) or part (as in the case of a vertical distractor) of the
distractor’s neural representation. Thus, coarse application of inhi-
bition upon the SC can only be applied in trials with a vertical tar-
get, which theoretically produces greater curvature away from the
distractor during vertical saccades than what would be observed
during horizontal or oblique saccades.
In Experiment 1, however, we also observed a difference be-
tween horizontal and vertical saccades during fast SRTs, such that
vertical saccades curved towards the distractor more. It is impor-
tant to note that the differences in inhibitory efﬁciency postulated
by Van der Stigchel and Theeuwes (2008) are based on the process
of applying inhibition (i.e. the strategy that is used). They do not
mention that the relative strengths of the representations being
inhibited would have any inﬂuence. As such, their hypothesis
makes no clear predictions about what would be observed when
saccades show curvature towards the distractor, when inhibition
has not yet been applied and differences in the magnitude of cur-vature are thought to reﬂect the relative strength of the distractor’s
representation compared to that of the target (McPeek, Han, & Kel-
ler, 2003).
Our ﬁnding that vertical saccades show greater overall interfer-
ence from a distractor can be explained in (at least) two manners.
One explanation presumes that the processes underlying curvature
towards and away are independent. For example, efﬁciency of
selective versus coarse inhibition may determine the degree of cur-
vature away observed, while a separate process such as competi-
tion between representations determines the degree of curvature
towards. Importantly, this account suggests that initial curvature
towards the distractor may have no inﬂuence on the magnitude
of curvature away that would be observed given sufﬁcient plan-
ning time. Alternatively, a more parsimonious explanation pro-
posed by Tipper and colleagues (1997) suggests that the
magnitude of curvature towards and away are directly related. Rel-
atively stronger activation upon the SC representing the distractor
location, compared to that of the target, is associated with greater
curvature towards the distractor (McPeek et al., 2003), whereas
greater curvature away may be a result of stronger top-down
inhibitory processes acting upon the SC (e.g. see McSorley et al.,
2006). From this, it follows that a distractor that produces greater
curvature towards would also demand stronger inhibition of its
representation in order to resolve competition between target
and distractor activity, thereby creating greater curvature away
at longer SRTs (for a similar discussion, see Doyle & Walker,
2002; Ludwig & Gilchrist, 2003). Although Van der Stigchel and
Theeuwes’ (2008) account sufﬁciently explains the effects ob-
served at longer planning times, it may be useful to interpret our
ﬁndings via a more coherent account that takes into consideration
curvature results obtained across all time points. With the excep-
tion of horizontal saccades made in Experiment 1, all our ﬁndings
support this position. Horizontal saccades in Experiment 1 did not
show a signiﬁcant effect of distractor presence on saccade trajec-
tory at fast SRTs, though they did show signiﬁcant deviation away
at longer SRT time bins. Although this is not necessarily predicted
by the above account, it is possible that even if deviation towards is
unsubstantial, nearby distractors may nevertheless be targeted for
inhibition, thus creating weak deviation away. Thus, deviation
away may be strongest when deviation towards is also strong, as
proposed by Tipper and colleagues, but inhibitory processes may
also take place even when a distractor does not signiﬁcantly inter-
fere with initial saccade planning. We are cautious in any over-
speculation at this point, however, and simply note that this pro-
posal, as well as the possibility that there may be two distinct pro-
cesses underlying curvature towards and away from distractors,
should be investigated in greater detail in the future.
To return to our main ﬁnding, the important question remains:
why did vertical saccades show initially greater curvature towards
the distractor than is observed with either horizontal or oblique
saccades? Based on our results alone, it is unclear why vertical sac-
cades display greater curvature towards the distractor. Recently,
however, neuroimaging techniques capable of imaging the SC
may point to one plausible explanation for our ﬁndings. While hu-
man participants passively viewed contrast-reversing checker-
board patterns, Schneider and Kastner (2005) recorded BOLD
responses from the SC. Strikingly, it was observed that stimulation
falling along the vertical meridian of the visual ﬁeld was signiﬁ-
cantly underrepresented upon the SC relative to that shown for
stimuli within the horizontal and oblique’s areas of the visual ﬁeld.
Although detailed neuroimaging results of the SC is still relatively
uncommon and the ﬁndings by Schneider and Kastner should be
supported with other neurological studies, it nevertheless suggests
that in our study, a vertical target’s activation upon the SC could
have been severely underrepresented compared to those of targets
or distractors at other locations in the visual ﬁeld. As the initial sac-
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of activation of the target and distractor, a distractor nearby an
underrepresented vertical target would exert greater inﬂuence on
the saccade direction. This would produce greater curvature to-
wards the distractor location compared to conditions where the
target is not underrepresented upon the SC (i.e. during horizontal
and oblique trials), which is consistent with that observed in
Experiment 1. Underrepresentation of the vertical meridian in
the SC may also be helpful in explaining ﬁndings from previous
studies that reported a difference between vertical and horizontal
saccadic curvature. For example, Sheliga, Riggio, Craighero, and
Rizzolatti (1995) asked participants to voluntarily orient their
attention to distractor locations before making a saccade to a
nearby target location, and found that vertical saccades showed
greater deviation in response to a distractor than did horizontal
saccades.
Based on the above account, it might be hypothesized that a
vertical distractor would generate less interference during an obli-
que saccade than would a horizontal distractor, as the vertical dis-
tractor would now be the object that is underrepresented.
Following this, it would be predicted that overall, oblique saccades
would show intermediate curvature slopes compared to vertical or
horizontal saccades, as results would be collected in the presence
of distractors that introduced a lot (i.e. horizontal distractors) or
a little (i.e. vertical distractors) competition with the target’s acti-
vation within the SC. Indeed, our results support this prediction:
curvature slopes from oblique saccades were signiﬁcantly shal-
lower than vertical curvature slopes, and marginally steeper than
horizontal curvature slopes. At slower SRTs, oblique saccades made
in the presence of a horizontal distractor appeared to show greater
curvature away than those made in the presence of a vertical dis-
tractor, although this did not reach signiﬁcance. Note, however,
that no signiﬁcant difference was found in the overall slopes of sac-
cades made in the presence of horizontal or vertical distractors (see
also, Walker et al., 2006). These results may not undermine our ac-
count, however, as it is plausible that the underrepresentation of
vertical distractor may have a weaker inﬂuence on saccadic behav-
ior than is seen if it is the target that is underrepresented. For
example, if the region of the SC representing the vertical meridian
of visual space underrepresents objects because strong activations
exceed its maximal level, then it is possible that a weaker repre-
sentation from a task-irrelevant distractor may not tax this region
to the same degree that a strong activation produced by a target
might. In other words, the underrepresentation of a distractor
may be less severe than that of a target. It should be noted, how-
ever, that in Walker et al.’s study, they also found a trend for obli-
que saccades to show greater curvature overall than either vertical
or horizontal saccades. Although this effect did not reach signiﬁ-
cance, it stands as a cautionary signal and stresses the importance
of further research investigating our account of the present data.
Although future research is needed to better understand the
current results, it remains clear that vertical saccades show overall
greater distractor interference than either oblique or horizontal
saccades. Our results replicate previous ﬁndings by McSorley
et al. (2006) as well as Van der Stigchel and Theeuwes (2008).
Importantly, however, we additionally show that vertical saccades
demonstrate greater curvature towards a distractor at fast SRTs.
This leads us to posit a different explanation of our results, mainly
that greater initial curvature towards may later result in greater
curvature away once inhibitory processes come online. As a possi-
ble explanation for why vertical saccades show greater initial cur-
vature towards a distractor, we theorize that it may have to do
with the SC underrepresenting objects that land upon the vertical
meridian of visual space, such that greater competition between
target and distractor activations arise when the target is positioned
on the vertical meridian. Further, different behavioral conse-quences may arise depending on the identity and task relevance
(i.e. target or distractor) of the object being underrepresented.
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